A chiral quark model approach is extended to the study of the πN scattering at low energies. The process of π − p → ηn near threshold is investigated. The model is successful in describing the differential cross sections and total cross section near the η production threshold. The roles of the resonances in n ≤ 2 shells are clarified. Near threshold, the S11(1535) dominates the reactions, while the interferences from the S11(1650) turn out to be destructive around W < ∼ 1.6 GeV. The D13(1520) is crucial to give correct shapes of the differential cross sections. The nucleon pole term contributions are significant. The P11(1710) plays an important role around the c.m. energy W = 1.7 GeV, it is crucial to produce an enhancement in the region of W > 1.6 GeV as suggested by the data for total cross section. The t-channel is negligible in the reactions.
baryon spectroscopy studied via Goldstone-boson exchanges (GBE) can be found in Ref. [34] . Extended chiral quark model approach combining both one-gluon-exchange (OGE) and GBE potentials has also been investigated in the literature [35, 36] .
In this work, we have investigated the π − p → ηn reaction from the η production threshold to the c.m. energy W ≃ 1.7 GeV. Our results are in good agreement with the data. We find that S 11 (1535) dominates the reaction around threshold. The resonances D 13 (1520) and S 11 (1650) also play very important roles in the process. The D 13 (1520) is crucial to give correct shapes of the differential cross sections, although its contributions to the cross section are very small near threshold. The S 11 (1650) has important destructive interferences with the dominant S 11 (1535) around W < ∼ 1.6 GeV. Above the c.m. energy W ≃ 1.6 GeV, the contributions of higher resonances from n = 2 shell also appear. The predictions of differential cross sections become worse with the increasing c.m. energy W . The resonance P 11 (1710) plays an important role, it is crucial to produce an enhancement in the region of W > 1. 6 GeV as suggested by the data for total cross section, and with which the theoretical predictions are obviously improved if we change the sign of its amplitude. The nucleon pole term contributions turn out to be necessary though a relatively small g ηN N coupling is favored. The t-channel is negligible in the reactions.
The paper is organized as follows. In the subsequent section, the framework is outlined. Then, the transition amplitudes in the quark model are derived in Sec. III. The resonance contributions are separated out in Sec. IV. We present our calculations and discussions in Sec. V. Finally, a summary is given in Sec. VI.
II. FRAMEWORK
In the chiral quark model, the low energy quark-meson interactions are described by the effective Lagrangian [27, 29] L =ψ[γ µ (i∂
where V µ and A µ correspond to vector and axial currents, respectively. They are given by
with ξ = exp (iφ m /f m ), where f m is the meson decay constant. For the SU(3) case, the pseudoscalar-meson octet φ m can be expressed as where m a0 is the mass of a 0 . In the quark model, the nonrelativistic form of Eq. (5) is written as [27, 29] 
and the nonrelativistic form of (12) is given by
where
with
For emitting a meson, we have ϕ m = e −iq·rj , and for absorbing a meson we have ϕ m = e iq·rj . In the above nonrelativistic expansions, vectors r j and p j are the internal coordinate and momentum for the j-th quark in the nucleon rest frame. ω m and q are the energy and three-vector momentum of the meson, respectively. The isospin operator I j in Eqs. (14) and (15) is expressed as
where a † j (d) and a j (u) are the creation and annihilation operators for the u and d quarks. The axial vector coupling, g A , relating the hadron spin operator σ to the quark spin operator σ j for the j-th quark, is defined as
which can be explicitly calculated in the NRCQM. For example, for π − pn vertex, one has g π − A = 5/3 and for ηN N , g η A = 1 [27] . The axial vector coupling can then be related to the πN N and ηN N couplings via the GoldbergerTreiman relation [40] .
III. AMPLITUDES IN QUARK MODEL
In the calculations, we select the center-mass (c.m.) motion system for the precess πN → ηN . The energies and momenta of the initial meson and nucleon are denoted by (ω i , k) and (E i , P i ), while those of the final state meson and nucleon are denoted by (ω f , q) and (E f , P f ). Note that P i = −k and P f = −q.
A. amplitudes for t-channel
According to Eq. (15), the nonrelativistic scalar coupling of H a0 for t-channel in the c.m. motion system is obtained as
Substituting Eq. (21) into Eq. (13), finally we get the t-channel amplitude at quark level, which is given by
To derive the amplitudes for a particular reaction, we have to transform the amplitudes at quark level into the more familiar amplitudes at hadronic level, which is given by
In this paper, the coupling constant g πηa0 g a0N N is obtained from Refs. [38, 39] .
B. amplitudes for s-channel
From Eq. (14), we obtain nonrelativistic couplings of H π and H η for the s-channel in the c.m. motion system, which are written as
Substituting Eqs. (30) and (31) into Eq. (7), then following the procedures used in refs. [23, 27, 29] , we obtain the s-channel amplitude in the harmonic oscillator basis, which is expressed as
where α is the oscillator strength, and e
2 is a form factor in the harmonic oscillator basis.
2 ) corresponds to the amplitudes for the outgoing meson and incoming meson absorbed and emitted by the same quark (different quarks). They are given by
and
where X ≡ k·q 3α 2 . The subscriptions of the spin operator σ denote that it either operates on quark 3 or quark 1. In the Eqs. (35) and (36) , the factor F s (n) is given by expanding the energy propagator in Eq. (7) (and similarly in Eq. (8)) which leads to
where n is the total excitation quantum number in the harmonic oscillator basis; M n is the mass of the excited state in the n-th shell, while ω h is the typical energy of the harmonic oscillator; P i and k are the four momenta of the initial state nucleons and incoming π − mesons in the c.m. system. This factor has clear physical meaning that recovers the hadronic level propagators. We will come back to this in the next section.
The above two transitions can be written coherently in terms of a number of g-factors, which will allow us to relate the quark-level amplitudes to those at hadronic level
where the g factors are defined as
The numerical values of these g factors can be derived in the SU (6) ⊗ O(3) symmetry limit.
C. amplitudes for u-channel
According to Eq. (14) , the nonrelativistic expansions of the u-channel meson-nucleon interactions can also be derived
Following the same procedure in III B, we obtain amplitudes for the outgoing meson and incoming meson absorbed and emitted by the same quark
and by different quarks
where the factor F u (n), which can be related to the propagators, is written as
where q are the four momenta of the outgoing η mesons in the c.m. system. The total amplitude for the u-channel is expressed as
The first terms in Eqs. (35), (36), (47) and (48) come from the correlation between the c.m. motion of the pion meson transition operator and the c.m. motion of η-meson transition operator; the second and the third terms are the correlation among the internal and the c.m. motions of the π − and η transition operators, and their contributions begin with the n ≥ 1 exited states in the harmonic oscillator basis. The last two terms in these equations correspond to the correlation of the internal motion between the π − and η transition operators, and their contributions begin with either n ≥ 1 or n ≥ 2 exited states. The higher shell resonance amplitudes are suppressed remarkably by the factors 1/n! and X n ≡ k · q/3α 2 n , which come from the spacial integral.
IV. SEPARATION OF THE RESONANCE CONTRIBUTIONS
The obtained amplitudes, M s and M u , involve excited states with the total excitation quantum number n in the harmonic oscillator basis, which are degenerate to each other. To see the contributions of individual resonances, we need to separate out the single resonance excitation amplitudes for each n. In this work we only separate out the resonance excitation amplitudes for the s-channel, and treat the resonances in the u-channel as degenerate to n. This is because the resonances in the u-channel contribute virtually and are generally suppressed by the kinematics.
In the amplitudes for the s-and u-channels, the factors F s (n) and F u (n) can be rewritten as
are the Mandelstam variables. Taking into account the effects of the resonance mass and width, we thus substitute a Breit-Wigner distribution for F s (n), i.e.
where M R and Γ R are the resonance mass and width, respectively. The resonance transition amplitudes in the s and u-channels can be generally expressed as
respectively, where O R and O n are determined by the structure of each resonance and their couplings to the meson and nucleon. It should be pointed out that the introduction of the Breit-Wigner widths in the s-channel is arbitrary in this framework, where the width effects from intermediate resonances cannot be automatically produced. However, since it allows a separation of individual resonances, the inclusion of resonance widths from the experiments will make an explicit connection between the transition amplitudes and individual resonance contributions. It should also be mentioned that such an analytic advantage will only appear in the NRQCD model where a harmonic oscillator potential is employed.
A. n=0 shell resonances
For n = 0, only the nucleon pole term contributes to the transition amplitude. Its s-channel amplitude is
where M 0 is the nucleon mass.
B. n=1 shell resonances
For n = 1, only S-and D-waves contribute in the s-channel. Note that the spin independent amplitude for D-waves is proportional to the Legendre function P 0 2 (cos θ), and the spin dependent amplitude for D-waves is in proportion to ∂ ∂θ P 0 2 (cos θ). Moreover, the S-wave amplitude is independent of the scattering angle. Thus, the S-and D-wave amplitudes can be separated out easily. They are presented as
with 
where the factor g R (R = S 11 (1535), etc) represents the resonance transition strengths in the spin-flavor space, and is determined by the matrix elements N f |H η |N j N j |H π |N i . Their relative strengths can be explicitly determined by the following relations
The determined values are listed in Tab. I. Finally, we obtain the partial amplitudes for individual resonances
C. n=2 shell resonances
For n = 2, only the P and F -wave are involved in the s-channel. Note that the spin-independent amplitude for the P -wave is in proportion to P 0 1 (cos θ), and the spin-dependent amplitude for the P -wave is in proportion to ∂ ∂θ P 0 1 (cos θ); the spin-independent amplitude for the F -wave is in proportion to P 0 3 (cos θ), and the spin-dependent amplitude for the F -wave is in proportion to ∂ ∂θ P 0 3 (cos θ). Thus, the P -and F -wave amplitudes can be separated out. They are given by
For the P -wave, the possible resonances are P . Thus the amplitudes for the P and F -wave can be re-written as
with the same method applied in IV B, we can determine the g R factors in Eqs. (76) and (77). The g and g R factors given by the quark model are listed in Tab. I. We find that g D13(1700) , g P13(1900) and g P11(2100) is about an order of magnitude less than those of other resonances. Thus, the contributions of D 13 (1700), P 13 (1900) and P 11 (2100) are negligible. The higher resonances (i.e. n ≥ 3) are treated as degenerate, for they are less important at the energy region near the threshold of the ηN production. 
where λ i = ±1/2 and λ f = ±1/2 are the helicities of the initial and final state nucleons, respectively. To take into account the relativistic effects, as done in [26] , we introduce the Lorentz boost factor in the spatial part of the amplitudes, which is
In the calculations, the quark-pseudoscalar-meson couplings are the overall parameters in the s and u-channel transitions. However, they are not totally free ones. They can be related to the hadronic couplings via the GoldbergerTreiman relation [40] :
where m denotes the pseudoscalar mesons, π, η, etc; f m is the meson decay constant defined earlier and g m A is the axial vector coupling for the meson.
The πN N coupling g πN N is a well-determined number:
thus we fix it in our calculations. The ηN N coupling is the only free parameter in the present calculations, and to be determined by the experimental data. This quantity has not been well established in both experiment and theory. Its values extracted from different models are still controversial and possess large uncertainties. By fitting the data (differential cross section) at W ≤ 1524 MeV, we find that our calculations favor a small ηN N coupling around g ηN N = 0.81, which is comparable with those deduced from fitting the η photo-production [26, 30, 41] . The small ηN N coupling is also predicted in Refs. [42, 43, 44, 45, 46, 47] . In contrast, the ηN N coupling derived here is much smaller than those used/predicted in [48, 49, 50, 51, 52] , which are in a range of g ηN N = 4 ∼ 9. It should be noted that we do not expect that one parameter fitting can provide an overall description of the experimental data. Therefore, we only consider the data at W ≤ 1524 MeV as a reasonable constraint on the g ηN N and calculation results with W > 1524 MeV will present as a prediction. For the a 0 πη and a 0 N N couplings we adopt a commonly used value g a0N N g a0πη = 100 in the calculation [38, 39] . There are other two overall parameters, m q and α, from the quark model. In the calculation we adopt their standard values in the the quark model,
For those s-channel resonances which generally have a broad width, the treatment for their widths to be constants is not appropriate. Thus, we take the final-state-momentum-dependent width [23, 24, 29, 30] :
where |q
is the branching ratio of the resonance decaying into a meson with mass m i and a nucleon, and Γ R is the total decay width of the s-channel resonance with mass M R . D(q) = e −q 2 /3α
2 is a fission barrier function. We adopt the PDG values for the resonance masses and widths [37] , which are listed in Tab. II. The contributions of u-channel for n ≥ 1 shells are negligibly small, which are insensitive to the degenerate masses and widths for these shells. In this work, we take M 1 = 1650 MeV (M 2 = 1750 MeV), Γ 1 = 230 MeV (Γ 2 = 300 MeV) for the degenerate mass and width of n = 1 (n = 2) shell, respectively. 
FIG. 2:
The differential cross sections at various W . The data are from [4] (open circles), [6] (open up-triangles), [7] (open down-triangles), [9] (open squares), and the recent experiment [11] (solid circles). The solid curves are for the full model differential cross sections. In (1a-12a), the dash-dotted and dashed curves are for the results switched off the contributions from nucleon pole and D13(1520), respectively. In (1b-12b), the dash-dotted and dashed curves correspond to the results without S11(1650) and without t-channel, respectively; the straight lines corresponds to the partial differential cross sections for S11(1535).
B. differential cross section
In Fig. 2 , the differential cross sections together with the partial differential cross sections for several individual resonances are shown at different c.m. energies from threshold W = 1.488 GeV to W = 1.586 GeV. The experimental data [4, 6, 7, 9, 11] are also included for a comparison.
From the figure, we can see that the calculation results agree well with the data as shown by the solid curves. The S 11 (1535) governs the differential cross sections from the ηN threshold to W = 1.586 GeV, as indicated by the straight lines in Fig. 2 (1b-12b) .
The S 11 (1650) has significant destructive interferences with the S 11 (1535) in the region of W ≤ 1.586 GeV [see the dash-dotted curves in Fig. 2 (1b-12b) ].
If we switch off the D 13 (1520), as illustrated by the dashed curves in Fig. 2 (7a-12a) , we find that the shape of the differential cross sections changes significantly. It shows that the interference between D 13 (1520) and S 11 (1535) are crucial to produce the correct shape for the differential cross section around the ηN threshold. This feature is mentioned in [39, 53] , and similar feature also appears in photoproduction reactions [30, 41, 42, 54, 55] .
The nucleon pole term contributions are visible in the differential cross sections [see the dash-dotted curves Fig. 2  (1a-12a) ]. Due to its interference, the differential cross sections are enhanced in the region of W < ∼ 1.53 GeV, and suppressed in the region of W > ∼ 1.54 GeV by the nucleon pole. To see the effects from the t-channel, we also show the differential cross sections without the contributions of it, which are denoted by the dashed curves in Fig. 2 (1b-12b) . In the region of W < 1.586 GeV , we find that the contributions from t-channel are very small. Basically, its effects on the differential cross sections are negligible in this region. The cross section as a function of W . The data are from [4] (open circles), [5] (open up-triangles), [8] (open downtriangles), [10] (open squares), and the recent experiment [11] (solid triangles). The solid curves correspond to the full model result. In A, the partial cross sections for S11(1535), S11(1650), D13(1520), n = 2 shell and nucleon pole are indicated by different lines and labelled by corresponding text, respectively. In B, the dotted and dashed curves are for the results switched off the contributions from nucleon pole and n = 2 shell resonances, respectively.
There are nearly no contributions from D 13 (1700), D 15 (1675) and n = 2 shell resonances for their large BreitWigner masses and /or very small g R factors. If we switch off their contributions, the changes of the differential cross sections are nearly invisible, thus, we do not show them in Fig. 2 .
Above W = 1.60 GeV, contributions of the P and F -wave resonances from n = 2 shell are present, which will be discussed in Sec. V D.
In brief, in the region of W < ∼ 1.60 GeV the resonance S 11 (1535) governs the process; D 13 (1520) and S 11 (1650) play crucial roles in the reactions; the contributions of nucleon pole (s+u-channel) are visible; the contributions from other resonances and t-channel to differential cross sections are rather small.
C. total cross section
The total cross section as a function of the c.m. energy W is plotted in Fig. 3 . To see the contributions of each resonance, the partial cross sections of a single resonance are also shown in the same figure. It shows that our theoretical calculations are in a reasonably good agreement with the experimental data up to W ≃ 1.7 GeV. At higher energies, although our model gives the correct trend, it underestimates the total cross section. Interestingly, a "second peak" around W ∼ 1.7 GeV appears in the total cross section, which is also predicted by other models [12, 16, 17 ]. Around the threshold, W < 1.6 GeV (i.e., p π < 0.9 GeV), we can see that the major contributions to the cross sections are from the S 11 (1535) and S 11 (1650). The contributions of the S 11 (1535) is about an order of magnitude larger than those from the P , D and F wave resonances. In this region, it shows that the exclusive cross section from S 11 (1535) is even larger than the data. But the destructive interferences from the S 11 (1650) bring down the cross sections.
For W > 1.6 GeV, the contributions of n = 2 resonances appear in the reaction. They play important roles around W = 1.7 GeV. Without the contributions from n = 2 shell, the "second peak" disappears. To know which resonance in n = 2 shell contributes to the "second peak", we should rely on partial wave analysis. It will be discussed in Sec. V D later.
There are nearly no contributions from D 13 (1700), D 15 (1675) and D 13 (1520) in the whole energy region. We should emphasize that, although there are less contributions of D 13 (1520) to the total cross sections, it plays important roles in the reactions to give a correct shape for the differential cross sections.
From the exclusive cross section of t-channel, we find that the t-channel are negligible to the cross section as shown in Fig. 3-A. Switching off the the contributions from the nucleon pole terms, we find that the total cross section changes by less than 20% in in the region of W < ∼ 1.6 GeV, however it decreases significantly in the region of W > 1.7 GeV (see the dash-dot-dotted curve in Fig. 3 B) .
A recent analysis of π − p → ηn data suggests the need of the P 11 (1710) resonance [56, 57] . In the following subsection, we will discuss those higher resonance contributions briefly.
D. higher resonances from n = 2 shell
From the analysis in Sections V B, V C, we infer that when the c.m. energy W < 1.6 GeV, the data can be accounted for with the resonances of n ≤ 1. To clarify the role played by the higher resonances, i.e., the P and F -wave states in n = 2 shell, we make an analysis of the differential cross sections in the energy region W > 1.6 GeV, where the P 11 (1710), P 13 (1720) and F 15 (1680) may become important.
Firstly, to see the contributions from individual resonances [i.e., P 11 (1440), P 11 (1710), P 13 (1720), P 13 (1900), P 11 (2100), F 15 (1680), F 15 (2000) and F 17 (1990)] we plot their partial cross sections as function of energy in Fig.  4 . It shows that the P 11 (1710) is dominant over other states around W ∼ 1.6 − 1.77 GeV. Although the contributions of the P 13 (1720) and F 15 (1680) are visible, they are about 5 ∼ 10 times smaller than the P 11 (1710). There are nearly no contributions from the P 13 (1900), P 11 (1440) and F 17 (1990) in n = 2 in this energy region. We then conclude that to reproduce the "second peak" in Fig. 3 we need the P 11 (1710), which is consistent with other studies in the literatures [56, 57] .
In P 11 (1710), F 15 (1680) and P 13 (1720), the changes to the differential cross section are rather significant. We find that the theoretical predictions overestimate the cross sections at backward angles, while underestimate the cross sections at forward angles, compared with the data. Since there are still large uncertainties with the width of the P 11 (1710) (i.e. Γ = 50 ∼ 450 MeV) [12, 37] , we thus adjust it to examine the model predictions. By setting width as Γ = 350 MeV, we find that the predictions at W = 1.657 and 1.670 GeV are improved obviously (see the dotted curves in Fig.  5 ). It should be noted that with Γ = 350 MeV for the P 11 (1710), its partial cross sections decrease significantly, and its contributions becomes comparable with those of P 13 (1720) and F 15 (1680) (see Fig. 4 ). Although the predictions are improved by using a broader width for P 11 (1710), there still exists a big gap between the theoretical predictions and the data. Interestingly, the data seem to favor that the contribution from the P 11 (1710) has a reversed sign as shown by the dash-dotted curves. It also improves the parameter fitting. This could be a signal for the breakdown of the SU (6) ⊗ O(3) symmetry within the P -wave states. A similar example is the radial excited P 11 (1440) of [56, 2 8] which is lighter than the first orbital excited S 11 (1535) and suggests the breakdown of the non-relativistic constituent quark model (NRCQM) [33] .
It has also been discussed in the literature that the P 11 (1710) could be a candidate for the 1/2 + pentaquark with hidden strangeness [58] . It was shown in ref. [59] that a possible mixture of the [20, 2 8] within the P -wave states can break down the naive quark model symmetry and make their properties very different from the NRCQM expectations. Our present study certainly does not allow us to conclude the nature of the P 11 (1710). But the results seem to show that the data favor a strong P -wave contribution with a reversed sign in respect of the P 11 (1710) around W ∼ 1.7 GeV, for which the source should be investigated. Polarization observables in this energy region may be sensitive to its interference and a partial wave analysis of data should be pursued.
VI. SUMMARY
We have extended the chiral quark model approach for meson photo-production on nucleon to the study of mesonproduction in meson-nucleon scatterings. An major advantage of this approach is that the number of free parameters will be greatly reduced in the quark model as the leading order calculation. For the reaction π − p → ηn at low energies, we succeed in accounting for the differential and total cross sections from threshold to the third resonance region.
In this study, we find that the S 11 (1535) and S 11 (1650) dominate the reaction in a wide energy region above the threshold. Although contributions from the D 13 (1520) and nucleon pole terms are relatively small near threshold, they are crucial to produce the correct shape of the differential cross sections via interferences. In particular, the S 11 (1650) has a destructive interference with the S 11 (1535) near threshold, and the D 13 (1520) is crucial to produce the angular distributions. The t-channel contributions are negligible in the reactions. Above the c.m. energy W ∼ 1.6 GeV, the contributions of higher resonances from n = 2 shell also appear. The P 11 (1710) plays an important role around the c.m. energy W = 1.7 GeV, which contributes to the bump around W = 1.7 GeV in the total cross section. It turns out that a sign change for the P 11 (1710) will better account for the data. This could be a sign for the breakdown of the NRCQM and state mixings are needed. It may also be a signal of unconventional configurations inside the P 11 (1710) for which both improved experimental measurement and theoretical phenomenology are required.
